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Abstract—1. The inhibition of trypsin, chymotrypsin, neutrophil elastase and cathepsin G, and pancreatic
elastase by the hemolymph of 14 insect species in six orders has been investigated.
2. All samples showed great diversity in terms of both total proteinase inhibitory capacity and

specificity.

3. The highest total inhibitory capacity was found in the larval hemolymph of species in the beetle
family Tenebrionidae and the lowest in that of an adult coreid bug, Acanthocephala femorata.

INTRODUCTION

Proteinase inhibitors form a significant part of the
total proteins in vertebrate sera (Laskowski and
Kato, 1980). Extensive studies have established that
the primary role of this major class of functional
proteins is to control the catalytic activity of a wide
diversity of proteolytic enzymes with distinct specifi-
cities which are involved in the regulation of a wide
variety of metabolic processes (Heimburger, 1975;
Travis and Salvesen, 1983). In invertebrate sera it has
previously been demonstrated that insect hemolymph
exhibits antiproteolytic activity (Law and Wells,
1989); however, studies on proteins possessing this
capability have been limited to relatively few species,
all of which possess a so-called complete metamor-
phosis (endopterygotes with internal wing develop-
ment in the larval forms). Inhibitors with specificities
primarily towards trypsin and/or chymotrypsin have
already been isolated and characterized in larvae of
the moths Bombyx mori (Sasaki, 1978, 1984, 1985,
1988; Sasaki and Kabayashi, 1984; Eguchi, 1982;
Eguchi and Shomoto, 1984, 1985; Yoshida er al.,
1990), Anticarsia gammatalis (Boucias and Pendland,
1987) and Manduca sexta (Ramesh et al., 1988;
Kanost et al., 1989; Kanost, 1990), and the fruit fly
Drosophila melanogaster (Kangs and Fuchs, 1980).
However, at this juncture there has not been a
comparative examination of the number and diversity
of inhibitors present in the hemolymph of species
with simple or ‘“incomplete” metamorphosis (ex-
opterygotes with external wing development) or, for
that matter, any species other than moths or flies,
with complete metamorphosis. Therefore, the aim of
the present study was to determine various inhibitory
spectra of typical proteinase examples in the hemo-
lymph of 14 species, including seven with complete
metamorphosis and seven with “incomplete” meta-
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morphosis, using trypsin, chymotrypsin, cathepsin G
and pancreatic and leucocyte elastases.

MATERIALS AND METHODS

The species of insects selected for this study included
members of 10 families in six orders (origins in parentheses)
as follows: Coleoptera—mealworm, Tenebrio molitor (lab-
oratory culture) and guano beetle, Zophobas rugipes (lab-
oratory culture), both Tenebrionidae and Palo Verde beetle,
Derobrachus geminatus (Tuscan, AZ), Cerambycidae; Lepi-
doptera—cabbage looper, Trichoplusia ni (laboratory cul-
ture), and corn earnworm, Heliothis zea (laboratory
culture), both Noctuidae and larvae and adults of the
tobacco hornworm, Manduca sexta (laboratory culture),
family Sphingidae; Hymenoptera—honey bee, Apis mel-
lifera (Tucson, AZ), family Apidae; Orthoptera—eastern
lubber grasshopper, Romalea guttata (Athens, GA), and
horse lubber grasshopper, Taeniopoda eques (Portal, AZ)
both Romaleidae, house cricket, Acheta domesticus (1abora-
tory culture), family Gryllidae; Dictyoptera—American
cockroach, Periplaneta americana (laboratory culture), fam-
ily Blattidae and the Madagascar hissing cockroach,
Gromphadorhina portensa (laboratory culture), family
Blaberidae; Hemiptera—agava bug, Acanthocephala
femorata (Tucson, AZ), and the bud coreid, Euthochta
galeator (Beltsville, MD), both Coreidae.

Chemicals were obtained as follows: porcine trypsin,
bovine chymotrypsin, porcine pancreatic elastase (PPE),
N-benzoyl-DL-arginine p-nitroanilid (BAPNA), N-suc-
cinyl-Ala-Ala-Pro—Phe-p-NA, N-succinyl-Ala—Ala-Ala—
p-NA and N-methoxy-succinyl-Ala—Ala-Pro-Val-p-NA,
from Sigma; acrylamide, bis-acrylamide and N,N,N,N-
tetramethylethylenediamine (TEMED) from Bio-Rad
(Richmond, CA); edestin from Koch-Light Laboratories
Ltd. Human leucocyte elastase (HLE) and cathepsin G
(cat. G) were purified by the method of Baugh and Travis
(1976).

Preparation of hemolymph

Fifth-instar larvae were bled from severed prolegs, with
the hemolymph being collected in a capillary pipet and
transferred to an Eppendorf tube containing a few crystals
of phenylthiourea to inhibit melanization. Hemolymph was
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centrifuged at 10,000 ¢ for 10 min at 0°C and the super-
natant stored at —20°C until used. The hemolymph from
adult insects was collected with a calibrated capillary pipet
after cutting the anterior legs or antennae and transferred
directly to two volumes of 0.2 M Tris-HCl buffer, pH 8.0.
After centrifugation, this “stock” solution of hemolymph
was used for all determinations.

Proteinase activity and inhibitor measurements

Enzyme activities were measured spectrophotometrically
at 25°C in a final volume of one ml, using 1 mM chro-
mogenic substrates as follow: BAPNA for trypsin (Erlanger
et al., 1961), N-methoxy-suc-Ala—Ala—Pro-Val-p-NA for
HLE, N-suc-Ala-Ala—Pro-Phe-p-NA for chymotrypsin
and cat. G (Nakajima er al., 1979) and N-suc-Ala-
Ala—Ala—p-NA for PPE (Bieth et al., 1974). The following
buffers were used for enzyme assays: 0.2 M Tris-HCI, pH
8.0, 5mM CacCl for trypsin, chymotrypsin and PPE; 0.1 M
phosphate buffer, pH 7.4, 0.15M NaCl for HLE, 0.1 M
Tris-HCl, pH 7.5, 0.5M NaCl for cat. G. Enzymatic
reactions were terminated by the addition of 50 ul glacial
acetic acid and the released 4-nitroanilide, then measured at
405 nm.

Determination of the concentration of active enzymes was
performed using the following procedure: the molar concen-
tration of a stock solution of porcine trypsin was determined
by spectrophotometric titration with NPGB (Chase and
Shaw, 1970). This standardized trypsin solution was used to
titrate human a-1 proteinase inhibitor («-1 PI) which served
as a secondary standard for determining the activity of other
serine proteinases used in this study. Proteinase inhibitory
capacity (1c) was determined by reacting constant amounts
of a given enzyme with an increasing volume of hemolymph
in an assay buffer for 15min and measuring residual
proteinase activity with appropriate substrate.

The number of trypsin and/or chymotrypsin inhibitors
was determined after electrophoresis of hemolymph proteins
in 7.5% polyacrylamide gel containing 0.1 edsestin, pH 8.6.
After electrophoresis, the gels were incubated in 0.2M
Tris—HCI1 buffer, pH 8.0 containing 10 pg/ml of trypsin or
chymotrypsin at 37°C until the visible inhibitory bands
(undigested edestin) appeared. The reaction was stopped
either by replacing the enzyme solution with 3%
trichloroacetic acid or by washing the gel with three con-
secutive changes of water (30 min each) following by stain-
ing with a 0.1% solution of Amido Black 10B in a mixture
of methanol-acetic acid-water (3:1:6). Gels were destained
with 7% acetic acid.

Polyacrylamide gel electrophoresis

Electrophoresis was carried out according to Davis (1964)
in tube gels (5 x 80 mm) of 7.5% acrylamide, 0.2% bisacryl-

amide which contained the copolymerized proteins substrate
edestin. Briefly, to 5ml of 30% acrylamide, 0.8% bisacry-
lamide, 6 mg of ammonium persulfite in 8 ml of water were
added, followed by 2 ml of 1% edestin dissolved in 20 mM
acetic acid. After 5 min incubation, 5 ml of buffer (48 ml I N
HCI, 36.6 g Tris-base, 0.46 ml TEMED in 100 ml) were
added and tube gels were cast. Samples (up to 250 ug of
protein) were applied in the electrode buffer (0.6 g Tris,
2.88 g glycine in 1000 ml, pH 8.6) containing 10% sucrose
and 0.001% Bromophenol Blue. Electrophoresis was carried
out at room temperature at 4 mA constant current per tube.
Gels were subjected to electrophoresis until the tracking dye
reached the bottom.

Protein determination
Protein content was determined by the Coomassie dye

binding method of Bradford (1976) or the bicinchoninic acid
method according to Smith er al. (1985).

RESULTS AND DISCUSSION

Samples of hemolymph obtained from the larvae of
six species and the adults of eight species (Table 1)
represented a good cross section of insect species
equally divided between orders with both “incom-
plete”” and complete metamorphosis. Protein concen-
tration in the hemolymph varied greatly among the
species ranging from 1.2% in A. domesticus to 10%
in T. ni.

Titration of the hemolymph with selected protein-
ases showed that their inhibition increased linearly
with increasing volume of hemolymph up to at least
50%. The extrapolation of the linear part of the
inhibition curves yielded the number of microliters of
hemolymph required for inhibition of a given amount
of enzyme. This value, reflecting the antiproteolytic
activity, was used to calculate the inhibitory capacity
in terms of micrograms of enzyme inhibited per ml of
hemolymph tested (Table 1).

Trypsin inhibition by hemolymph

All samples of hemolymph showed antitrypsin
activity though their inhibitory capacities varied
greatly among the species investigated. Utilizing this
criterion they could be arbitrarily divided into groups
of low (up to 100 ug/ml), moderate (110-130 ug/ml)
and high (above 300 ug/ml) trypsin inhibitory
capacity (TIC). Within the first group, the lowest
TIC was found with 4. mellifera (22 ug/ml), followed

Table 1. Serine proteinases inhibitory capacity of insect hemolymphs

Protein  Trypsin Chymotrypsin Cathepsin G HLE PPE
Species Stage (mg/ml) (ic*) (1c) (1c) (ic) (o)
Zophobas rugipes L 68.0 +++ + +4+++ + 4+ ++++
Tenebrio molitor L 66.0 +++ + +++ ++ ++++
Derobrachus geminatus A 27.0 + + ND ND ++
Trichoplusia ni L 100.0 +++ + + + + 4+
Manduca sexta L 21.0 +++ + + ++ ++
Heliothis zea L 86.0 ++ ++ +++ +++ +++
Apis mellifera L 92.0 + +++ ++ ND +
Romalea guttata A 24.5 + ++ ++ + +
Taeniopoda eques A 17.7 ++ + + ++ + + 4
Acheta domesticus A 12.0 ++ + + 4+ + +++
Periplaneta americana A 46.0 + + + + +++ + + + +
Gromphadorhina portensa A 45.0 ++ + + ++ +4++
Acanthocephala femorata A 26.0 + + ND ND +
Euthochta galeator A 92.0 ++ +4++ +4++ ND + +

L: larva; A: aduit.
*Inhibitory capacity: + ++ + 830-1250 pg/ml,
detectable.

+++ 300-720 pg/ml, ++

110-250 pg/ml, + 5-100 ug/ml, ND: not



Inhibitors in the hemolymph of insects

by D. geminatus, M. sexta (adult), A. femorata
(40-44 ug/ml) and R. guttata, (92 ug/ml). This group
includes hemolymph from four of eight adult species
sampled and only one of six larval species (Table 1).
The second group included hemolymph from adults
of four species: E. galeator, A. domesticus, T. eques
and G. portensa, with TICs ranging from 110 to
265 pg/ml and one larval hemolymph derived from
H. zea (130 pg/ml). The third group possessed a TIC
close to, or comparable to, that of human plasma
(650 pug/ml). It included hemolymph derived from an
adult of one species, P. americana and larvae of four
species: T ni, T. molitor, M. sexta and Z. rugipes with
TICS of 360, 360, 420, 440 and 560 ug/ml, respect-
ively. It is worth noting that the hemolymph of the
adult of M. sexta exhibited only about 8% of the
larval hemolymph TIC. Since the larval hemolymph
contained the lowest amount of protein of any of the
species, its specific activity was much higher than that
of the other species.

In order to determine the number of proteins
possessing anti-trypsin activity, the hemolymph of
selected species was subjected to electrophoresis in
polyacrylamide containing edestin followed by ex-
posure to trypsin. This assay revealed that, under the
conditions used, the hemolymph of each species
tested could be resolved into several trypsin inhibitors
as follows (Table 2): H. zea and R. guttata—six
bands, A. domesticus—four bands, M. sexta, A.
mellifera, T. eques and T. ni—two bands. The hemo-
lymph of E. galeator showed no inhibitor bands in
spite of the fact that it possessed considerable an-
titrypsin activity. The reasons for this may be due to
either (a) the very basic character of the inhibitor(s)
which prevented entrance into the gel or (b) the
possibility that this hemolymph contained a tempor-
ary trypsin inhibitor which became degraded upon
incubation with trypsin.

Chymotrypsin and cat. G inhibition

Chymotrypsin and cat. G, despite possessing simi-
lar substrate specificities, were found to be inhibited
in different manners by the hemolymphs derived from
the different species tested. In general, the sensitivity
of chymotrypsin to inhibition by each hemolymph
was lower than that for cat. G. Chymotrypsin inhibi-
tory capacity was found to be high only with hemo-
lymph of A. mellifera (600 ug/ml) and E. galeator
(560 ug/ml). The group of moderate inhibitory
capacity comprised the hemolymph of T. eques

Table 2. Trypsin and chymotrypsin inhibitors in the hemolymph of

insects
Trypsin Chymotrypsin
Species Stage inhibitors inhibitors
Heliothis zea L 6 4
Manduca sexta L 2 5
Trichoplusia ni L 2 5
Apis mellifera L 2 1
Romalea guttata A 6 3
Acheta domesticus A 4 3
Euthochta galeator A 0 3
Taeniopoda eques A 2 3

L: larva; A: adult.

The number of inhibitors was determined after separation of hemo-
lymph proteins in PAGE containing 0.1% edestin. (See Methods
for details).
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(250 ug/ml), R. guttata (166 ug/ml), H. zea
(160 pg/ml) and M. sexta (150 ug/ml). All remaining
species showed rather low inhibitory capacities (be-
low 100 ug/ml) (Table 1). Surprising results were
obtained for the inhibition of cat. G. In the hemo-
lymph of five species (7. ni, M. sexta, G. portensa, A.
femorata and D. geminatus) the anti-cat. G activity
was barely detectable, or not detectable at all. How-
ever, the hemolymph of the remaining species showed
considerable cat. G inhibitory capacity. In particular,
the hemolymphs of Z. rugipes, P. americana and T.
molitor were very efficient in inhibiting this enzyme,
and their capacities were calculated to be 1090, 1040
and 720 ug/ml, respectively. The only species which
showed similar inhibitory capacities for both enzymes
were T. eques and E. galeator. Electrophoretic deter-
mination of the number of chymotrypsin inhibitors in
individual hemolymphs gave the following resuits
(Table 2): H. zea—four bands; M. sexta and T.
ni—five bands; A. mellifera—one band; R. guttata,
A. domesticus, E. galeator and T. eques—three
bands.

Inhibition of PPE and HLE

HLE and PPE share similar substrate specificities
but, as in the case of chymotrypsin and cat. G, their
susceptibility to inhibition by insect hemolymphs
varies considerably. Indeed, the large variability in
inhibitory capacity among species is quite remark-
able. For example, for HLE, only the hemolymph of
H. zea had high inhibitory capacity (430 ug/ml). 7.
molitor, Z. rugipes, M. sexta and G. portensa showed
capacities ranging from 110 to 170 ug/ml, and of the
remaining ten species, five had either a very low
capacity or non-detectable anti-HLE inhibitory ac-
tivity (five species). On the other hand, pancreatic
elastase was inhibited to various degrees by all
samples of hemolymph tested. The low PPE inhibi-
tory capacity group included four species (adult M.
sexta, R. guttata, A. femorata and larval A. mellifera)
with capacities of 24-77 ug/ml; the moderate group
was composed of five species (D. geminatus, E.
galeator, T. eques, P. americana and larval M. sexta)
with capacities of 150-210 ug/ml; the high inhibitor
capacity group included 7. ni (310 ug/ml), G.
portensa (340 pug/ml), A domesticus (360 ug/mi), H.
zea (440 pug/ml), T. molitor (830 ug/ml) and Z. rugipes
(1250 pg/ml). The inhibitor capacity of the hemo-
lymph of the last two species towards PPE may be
considered as very high and is comparable to that of
the sera of both the mini pig and hamster (Schulz,
1989). H. zea was the only species whose hemolymph
had similar inhibitory capacities towards both elas-
tases. It is important to point out that the high
elastase inhibitory capacities of the hemolymphs were
positively correlated with those found for trypsin
and, in some cases, for cat. G. It is also worth noting
that the hemolymph from the two tenebrionid species
tested contained the highest combined antiproteinase
activity against trypsin, cat. G and PPE. Due to the
low susceptibility of edestin to elastase digestion, the
number of elastase inhibitors in hemolymphs tested
could not be determined.

Although the numbers of species that we have
studied is too small to generalize with, in regard to
proteinase inhibitors in insect hemolymph, our data
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do suggest that there is a great diversity both in the
number of proteins present and in their inhibitory
capacities. Furthermore, the presence of very high
concentrations of specific inhibitors in the hemo-
lymph of species with both “incomplete” (anti-
cathepsin G in P. americana) and complete
(antichymotrypsin in A. mellifera) metamorphoses
suggests that the significance of these inhibitory
proteins in invertebrates may not be inconsiderable.
Finally, analyses of the concentrations of proteinase
inhibitors in the M. sexta hemolymphs of early
last-instar larvae and late last-instar larvae (pre-
pupal) (unpublished data), as well as adults,
demonstrate that these proteins undergo major quan-
titative changes during metamorphosis (Boucias and
Pendland, 1987). Thus, they may constitute signifi-
cant markers during the various stages of insect
development.
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